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Physiological role of the ioop of Henle
in urinary concentration
EDITORIAL
It is now generally accepted that urinary concentration
is achieved via the countercurrent hypothesis of Wirz,
Rargitay and Kuhn [I], as confirmed by Gottschalk and
Mylle [2]. According to this hypothesis, the ioops of Henle
serve as a countercurrent multiplier system to generate and
maintain a medullary osmotic gradient which increases
from the cortex to the tip of the papilla. In the presence of
antidiuretic hormone (ADH), the isosmotic fluid which
enters the medullary collecting duct achieves osmotic
equilibration with the hypertonic medullary tissues as it
flows through the medulla. As a result, the collecting ducts
deliver a fluid to the renal pelvis which possesses the same
osmotic concentration as that of the interstitial fluid at the
tip of the papilla.
There is general agreement that medullary hypertonicity
results from the interstitial accumulation of solutes in
excess of water. The driving force for this accumulation is
provided by a NaC1 extrusion pump located along the
ascending limb of the loop of Henle. For the system to
operate efficiently, the membrane of the ascending limb
should be relatively impermeable to water as well as to
sodium ions. These conditions are clearly met by the thick
portion of the ascending limb since this structure delivers
a fluid to the cortex which is markedly hypotonic as com-
pared to the extratubular environment. Nevertheless, the
question still remains unanswered as to whether the entire
length of the ascending limb possesses the same properties.
Jamisori et al [3] have found that, at the same level in the
medulla, the osmotic pressure of fluid from ascending
limbs is significantly lower than that from descending
limbs. Most of this difference could be attributed to differing
sodium concentrations; on the average, it was ten per cent
lower in fluid from the ascending limb. Moreover, in a free
flow perfusion study, Morgan and Berliner [41 demonstrated
that the thin ascending limb exhibited a low permeability
to both water and sodium. These observations are therefore
consistent with the view that the thin and thick segments of
the ascending limb deliver sodium in excess of water to the
medullary interstitium.
Under the influence of the delivery of sodium (and
probably chloride) into the medullary interstitium in such
a manner, the fluid flowing along the descending limbs will
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become progressively concentrated. The nature of the
mechanism by which this increasing solute concentration
is achieved remains uncertain. The existence of one of two
processes can be postulated: 1) a net osmotic withdrawal
of water from the tubular lumen to the hypertonic surround-
ings (countercurrent of water), or 2) a net addition of
solutes from the interstitium to the lumen (countercurrent
of solutes). As pointed out by Morel [5], the efficiency of
the loop in the elaboration of a medullary gradient will be
completely different under circumstances in which the first
or the second process is predominant. Until recently, ex-
perimental evidence in support of the existence of the
second mechanism seemed increasingly convincing, but
the question has been reopened by the in vitro findings of
Kokko [6] which suggested that the walls of the thin des-
cending limb do not possess the required permeability
properties, in opposition to most of the indirect [7—11] or
direct evidence [4].
It is the purpose of this editorial to examine in detail the
merits of each of the two hypotheses and to underline the
physiological implications that arise from the existence of
either of the proposed mechanisms.
Theoretical considerations. If one examines the role of
the loop of Henle in the maintenance of medullary hyper-
tonicity, it can be considered to deliver into the medullary
interstitium a certain amount of solutes in excess of water,
and to deliver into the cortex a corresponding amount of
water in excess of solutes (free water).
In the presence of ADH, the absorption rate of free
water that is dissipated into the cortex is at least equal to
the flow rate of the free water at the beginning of the distal
tubule accessible to micropuncture. This flow rate can be
calculated by the relation: distal free water flow rate =
V x (1_(F/P)), where (F/P)osm is the distal fluid to
plasma osmolal ratio and V is the tubular flow rate of
water at this site. It is well known that the (F/P)øsm of
early distal fluid is relatively constant in a given state of
diuresis, irrespective of the concentration of final urine.
From this observation it can be concluded that the rate of
the cortical dissipation of free water is a close function of
the tubular flow rate V itself. Let us see how the distal
tubular flow rate varies for each of the two postulated
mechanisms which might lead to the concentration of fluid
flowing along the descending limbs of the loop. This re-
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Fig. 1. Schematic representation of water and solute movements
along the loop of Henle when the fluid flowing down the descending
limb is concentrated by water withdrawal (top left) or solute
addition (top right), in the water withdrawal hypothesis, the
tubular flow rate (—*) at the tip of the ioop is inversely related to
the osmotic medullary gradient. Thus, the amount of free water
(='.) dissipated in the cortex is also inversely related to the
gradient, as depicted in the lower left diagram. in the solute
addition hypothesis, the tubular flow rate along the loop and
the free water delivered into the cortex (lower right) remains high
and constant, irrespective of the gradient. The amount of sodium
(and chloride) actively reabsorbed out of the ascending limb() is passively added to the descending limb fluid (—). in
this hypothesis the osmotic pressure of the fluid at the tip of the
loop depends essentially on the tubular flow rate of solute at this
site, that is, on their medullary recycling.
lationship is depicted schematically at the top of Fig. 1.
In this presentation, we will assume that the flow rate of
free water at the beginning of the loop remains constant
and independent of the medullary concentration gradient.
In the osmotic water withdrawal hypothesis, it is clear
that the tubular fluid flow rate at the tip of the loop is
inversely related to the gradient; the higher the gradient,
the higher the osmotic removal of water along the limb and
the lower the tubular flow rate at the hairpin turn. Accord-
ingly, (top left, Fig. 1) the same inverse relationship exists
between the distal water flow rate (V) and the gradient
since, as we have seen, it is almost certain that the ascending
limb is relatively impermeable to water. Such a situation is
somewhat paradoxical since the amount of free water
(directly proportional to V) that is dissipated in the cortex
in order to maintain medullary hypertonicity is inversely
related to the hypertonicity itself. in other words, the
amount of solutes in excess of water that are delivered into
the interstitium becomes smaller as the medullary gradient
increases!
This paradoxical situation disappears if one considers the
solute addition hypothesis proposed by Morel [121 .Accord-
ing to this hypothesis (top right, Fig. 1), the flow rate of
water along the loop of Henle remains constant and inde-
pendent of the gradient. The amount of sodium and chloride
delivered into the descending limb is reabsorbed from the
ascending limb. Thus, these ions participate in a system of
medullary recycling of solute which maintains the gradient.
Therefore, in the presence of ADH, the gradient depends
partly on the tubular flow rate of solutes at the tip of the
papilla, that is, on their medullary recycling. Moreover, in
this hypothesis, the distal flow rate of free water remains
high and relatively constant, as illustrated in the lower right
of Fig. 1. In fact, this is exactly what was observed (Fig. 2)
in micropuncture studies carried out on the cortex of highly
concentrating kidneys [(U/P)osm up to 15] of desert rodents
such as Psammomys obesus and Meriones shawii [13, 14].
Permeability of the thin descending limb. Each of the two
mechanisms requires that the descending limb must possess
entirely different permeability properties. In the water
withdrawal hypothesis, the walls of the limb must be highly
permeable to water, but relatively impermeable to NaCl.
In the solute addition hypothesis, they must be highly
permeable to NaCI, with a reflection coefficient for NaCl
that is close to zero, in order that interstitial NaCI can
diffuse freely into the tubular lumen without exerting an
operative driving force; the water permeability for the
membranes is not as critical, and the solute addition me-
chanism could operate in the presence of a high permeability
to water.
Experiments using intravascular injections of radioactive
tracers such as those described by Chinard and Enns [7]
have shown that somewhere along the nephron there is a
segment that is highly permeable to sodium. This seems to
be a general characteristic of the mammalian nephron since
this finding has been confirmed in various species, in-
cluding the rabbit [8]. By applying the stop-flow technique
to these injections, it was possible for Amiel et al [9] to
functionally localize this segment upstream to the diluting
segment of the nephron. This was the first observation which
suggested that the permeable segment could reside within
the thin limb of the loop.
In order to identify the position of this segment more
precisely, we performed intratubular microinjection ex-
periments in the rat [10] using the tracer microinjection
technique [15]. Small volumes (about one nanoliter) of a
solution containing both 22Na and 3H-inulin were injected
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[CH2O]D injection the 22Na was completely exchanged with Un-
%SNGFR labeled sodium from adjacent nephrons when it was flowing
into the permeable segment, therefore suggesting that this
15 segment exhibits a very high permeability to sodium. Of
• course, its precise anatomical localization cannot be deter-
10: mined in such experiments. However, it seems very likely
• that it is located along the thin segment of the loop. It
5 - • would be surprising if the permeable segment is the pars
recta, since studies of isolated tubules have shown that the
0
I I I I I I I pars recta is able to reabsorb sodium chloride isosmotically
0 2 4 6 8 10 12 14 16 [16]. To allow the pump to operate with efficiency, the
[C ] (U/P)osm walls of this structure, as well as those of the pars convoluta,
%SNGFR must not be highly permeable to sodium.
In a free-flow microperfusion study carried out on in vitro
20 - papilla, Morgan and Berliner studied the permeability to
water, NaCI and urea of the ascending and descending limbs
15 - of the loop of Henle, collecting ducts and vasa recta [4].
o 0 In particular, the osmotic effectiveness of mannitol, used
10 - as an impermeant compound, was compared to that of
0 8 sodium chloride by adding one of these solutes to the me-
5 - dium in concentrations of 200 mmoles/liter so that the
perfusion fluid (500 mOsm/liter) was hypotonic to the
0 - 0 medium (700 mOsm/liter). In the ascending limb there was
I I I I I I I I I I I no difference in the amount of water removed by sodium0 2 4 6 8 10 12
1U/P)16 chloride and mannitol. In contrast, sodium chloride ab-
stracted 60% less water than mannitol from the descending
limb. Concerning the net amount of solute entry, when
sodium chloride was added to the medium it was calculated
that the net flux of solute into the descending limb was
greater than that which occured when mannitol was present,
and that much less solute entered the ascending than des-
cending limb. From these findings the authors concluded
that the ascending limb was relatively impermeable to
NaCl, but that the descending limb was quite permeable
into superficial proximal tubules. After each injection the since NaC1 was not able to produce great osmotic move-
ureteral urine was collected serially. In these experiments, ments of water across its walls. However, more recently,
two injections of the same solution were successively Kokko has examined the permeability properties of per-
performed at the same site along the tubule. The first was fused isolated thin descending limbs of the rabibt [6]. In
always a free flow microinjection. After the collection of sharp contrast to the above cited observations [4], his
urinary samples, a second microinjection was performed, results showed that the reflection coefficient for NaC1 was
but the injectate was stopped either in the mid-portion of close to unity (0.96), indicating that NaCl generated almost
the loop of Henle or along the pars convoluta of the proximal the same osmotic pressure across the thin descending limb
tubule. In each blocked injection, the recovery of 3H-inulin as did an impermeant molecule. The data of Morgan and
dropped to zero, attesting to the complete interruption of Berliner [4] and Kokko [6] are therefore conflicting. Data
tubular fluid flow. As far as 22Na was concerned, when the from the latter study [6] indicated that the passive perme-
injectate was trapped in the loop the recovery of 22Na ability to sodium of the thin descending limb was even lower
remained qualitatively and quantitatively almost unchanged than that of the proximal convoluted tubule. It is difficult
as compared to that observed after free flow injection. In to accept that, in vivo, such a flat epithelium with such
contrast, when the injectate was trapped in the proximal intercellular spaces could have so low a permeability. The
tubule, the recovery of 22Na was, on the average, about fact that the tubules were perfused with hypertonic solutions
four times lower than that observed after free flow injection, in the former experiments [4], and with isotonic solutions
These findings strongly suggest that one portion of the ioop in the experiments of Kokko, could explain the findings
of Henle is more permeable to sodium than are the walls of and it is possible that the membrane permeability pro-
the proximal tubules. Since the recovery pattern of 22Na perties were modified when the thin limbs, removed from
was the same in both the free flow injections and those the hypertonic papilla, were bathed in an isotonic me-
blocked in the loop, it was concluded that even in free flow dium.
Fig. 2. Lack of correlation between the free water flow rate in
early distal tubules and the simultaneous (U/P) ratio for osmotic
pressure in the ureteral urine. The free water flow rate in the
distal tubule is expressed as a per cent of the SNGFR for that
nephron. It was calculated from the equation: (C,o) D= [1—
(F/P)osm] x 100/(F/P)1. Q = Psanimomys obesus (from Rouffignac
and Morel [13]); •=Meriones shawii (from de Rouffignac et al
[14]).
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Net movements of solutes and water along the thin des-
cending limb. The first measurements of inulin concen-
tration in fluid samples from the tip of the loops of Henle
were reported by Gottschalk et al [17]. Their experiments
were carried out on the extrarenal part of the papilla of
golden hamster and Psammomys kidneys. The authors
observed that the inulin concentration was higher in these
samples [(F/P)1 = 111 than in those collected from late
proximal tubules [(FtP)1,, =3] at the surface of the kidney
cortex of the rat [18]. They concluded that the observed
hypertonicity of the loop samples (which was relatively low
in these experiments) was entirely accounted for by a net
osmotic withdrawal of water along the descending limbs.
Because of what is now known about the anatomical and
functional heterogeneity of nephrons, this conclusion cannot
be considered definitive. The juxtamedullary nephrons of
Psammomys and the hamster (which are those accessible
at the tip of the papilla) and the superficial nephrons of the
rat differ in many respects, particularly in the volume of the
glomerulus and the length of the proximal tubules. From a
general point of view, it is not possible to assess the re-
spective net movements of solutes and water along the
descending and ascending limb of the Henle's loop by
comparing the inulin and solute concentrations in super-
ficial cortical convolutions to those obtained from loops
at the surface of the papilla, since these two structures be-
long to two functionally different populations of nephrons.
The superficial nephrons have shorter proximal tubules,
smaller glomeruli and, in turn, lower glomerular filtration
rates than do the juxtamedullary nephrons, these differences
being accentuated in desert rodents [19]. It is therefore
perfectly possible that the (F/P)1,, at the end of proximal
tubules is higher for juxtamedullary than superficial
nephrons.
Movements of water along the loop of Henle can be
appreciated first from cortical micropuncture experiments
in desert rodents, since most of the superficial nephrons of
these animals have long loops which definitely penetrate
into the medullary osmotic gradient. In Psammomys it was
shown that the (F/P)1,, in late proximal and early distal
samples was 2.0 and 3.7, respectively [13]. It was not known
which fraction of glomerular filtrate was reabsorbed along
the pars recta in these experiments [13]. At any rate, it
seemed reasonable to conclude that the flow rates of water
at the end of the proximal and the beginning of the distal
tubules might not be very different, therefore suggesting
that no important net reabsorption of water took place
along the loop of Henle. In agreement with this view was
an absence of correlation between the (F/F)1,, from early
distal samples and the osmotic pressure of final urine in
Psammomys (bottom, Fig. 3) as well as in another rodent
species, Meriones shawii (top, Fig. 3). Despite the fact
that the loop fluid of superficial nephrons does not reach
the tip of the papilla in these species, it nevertheless pene-
trates into largely hyperosmotic areas, reaching in the
Psammomys, approximately 50 % of the actual osmolarity
0
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Fig. 3. Lack of positive correlation between (F/F)1,, in early
distal fluid samples and simultaneous (U/F)o,m in ureteral urine.
•= Meriones shawii from de Rouffignac et al [14]; =Psam-
momys obesus (from de Rouffignac and Morel [13]).
of the final urine [20]. The fluid might therefore be concen-
trated to a large extent at the hairpin turn. Nevertheless,
the (F/P)1,, of early distal samples in Psammomys remained
constant and low (3 to 4) even when the (U/P)osm of the
final urine was as high as 12.
Another and more direct approach involves micropunc-
ture experiments in the accessible structures at the tip of the
papilla. Two types of information are available from these
investigations: first, an assessment of net solute and water
movement from the variations of inulin and electrolyte
concentration in samples taken at different levels of the
thin limbs; second, a comparison of the relative variation
of inulin and electrolyte concentration with the osmotic
pressure in the fluid collected at the tip of the loops.
As far as the first type of experiments is concerned,
Horster and Thurau [21] in micropuncture studies carried
out on young rats fed a low sodium diet found that the
(F/P) ratio of polyfructosan used as a glomerular indicator
averaged 25.0 in the thin descending limb, 10.2 at the
hairpin turn and 6.9 in the thin ascending limb. The au-
thors concluded that this was evidence for a net flux of
water from the descending to the ascending limb. However,
an examination of these results by Jamison [22] led this
author to conclude that 1) there was no statistical difference
between the mean (F/P) polyfructosan ratio of fluid from
the hairpin turn and ascending limb, and 2) that the (F/P)
polyfructosan ratio was significantly lower at the hairpin
turn than in the descending limb, thus indicating a net
addition of water to the descending limb. In fact, it seemed
to Jamison (who not only performed micropunctures of the
(F/P)10
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loops of Henle but also of the collecting ducts of young rats
fed a normal salt diet) that the fluid samples from descending
limbs in the Horster and Thurau experiments were probably
contaminated with collecting duct fluid. Moreover, in such
a study, this author found no difference between mean
values of (F/P)111 among samples collected in descending
limbs [(F/P)111 =6.56] and at the hairpin turns [(F/P)111 =
6.48]. Recently, Marsh [23] collected micropuncture fluid
samples sequentially at two sites along the descending
limbs on the exposed papilla of the golden hamster. He
found a net entry of urea to tubular fluid as it flowed down
the descending limb, but insofar as the net movement of
water was concerned, he judged that the scatter of the
inulin data precluded definite conclusions regarding NaCI
and KCI movement.
Turning to the second type of investigation, we obtained
collections of fluid from ascending or descending thin
limbs at the tip of the Psammomys papilla. Compared to
the total length of the inner medulla (12 mm), the distance
between the puncture site and the papillary tip was small
(1.4 mm). We therefore considered that the fluid was collect-
ed from the same location, that is, the tip of the longest
loops of Henle. These experiments indicated that there was
minimal water reabsorption along the loop since a loose
but significantly positive correlation between (F/P)111 and
(F/P)osm was found in each sample of loop fluid (Fig. 4).
(F/P)1
30
Fig. 4. Correlation between (F/P)111 and (F/P)osm from loop
micropuncture samples collected at the t,p of the papilla in Psam-
momys obesus. The solid line represents the regression line
calculated from the equation: (F/P)111= 0.715 (F/P)osm+ 4.11.
The horizontal and oblique interrupted lines indicate the va-
riation of both variables at the tip of the loop if the osmotic
pressure of the fluid flowing along the descending limb was
exclusively increased by net solute addition (absence of corre-
lation) or net water withdrawal [proportional increase of both
variables assuming that (F/P)111 averaged 4.8 at the end of the
proximal tubule of juxtamedullary nephrons in the Psammomys
(see text)], respectively. Samples were collected either in ascending
() or descending limbs (0) (from de Rouffignac and Morel [13]).
The equation of the regression line was: (F/P)111 =0.715
(F/P)osm + 4.11. This equation gives (F/P)111 =4.8 if
(F/P)osm = 1.0 at the puncture site. If one postulates that
the fluid is isosmotic at the end of the juxtamedullary
proximal tubule, the above relationship indicates that the
(F/P)111 might be 4.8 at this site. Thus, if the concentrating
mechanism entirely resulted from osmotic water with-
drawal, the inulin concentration at the tip of the papilla
would have increased with a slope of 4.8 as a function of
osmotic pressure. In fact, the concentration of inulin
increased only slightly with osmotic pressure. Comparison
of the actual slope of the regression equation (0.715) with
its maximal limit (4.8) suggests that only 15% of the increase
in osmotic pressure resulted from net water absorption.
Jamison recently micropunctured loops of Henle in non-
diuretic young rats [22]; recalculations from his data show
that there was no more than a slightly positive correlation
between the (F/P)1 and the osmolality of the samples.
Assuming that plasma osmolality is 300 mOsm/liter, the
equation of the regression line was (F/P)111 = 0.930 (F/P)osm
+ 3.98. This would indicate that in the young rat the (F/P)111
at the end of juxtamedullary proximal tubule would be
close to 4.91, and that only 19% (0.930/4.91) of the increase
in osmotic pressure resulted from net water absorption.
In Psammomys, in contrast to the water flow rate (Fig. 4),
the relative sodium flow rate [(F/P)Na/(F/P)Ifl] at the tip of
the loops increased markedly with osmotic pressure (Fig. 5).
We did not know what percentage of filtered sodium re-
mained at the end of the juxtamedullary proximal tubules.
However, assuming that (F/P)Na =1.0 and (F/P)111 = 4.8,
one obtains a fractional sodium flow rate of 0.21. In every
loop sample the measured value was definitely higher, the
most concentrated samples reaching values as high as
1.2, that is, even higher than those in the glomerular filtrate
itself. This observation indicated a net addition of sodium
into the thin descending limbs. This held for potassium
ions as well since their relative flow rate showed the same
qualitative increase with osmotic pressure as did that for
sodium ions. The maximal (F/P)K/F/P)lfl ratio was 1.8.
Since cortical punctures at early distal sites in this species
indicated that both sodium and potassium fractional flow
rates were low (0.13) and constant, irrespective of the me-
dullary osmotic gradient, this finding implied that the
Na and K added to the descending limb might be
reabsorbed in the ascending limb and that recycling of
Na and K ions (with C) between the ascending and
descending limbs of the loop of Henle might occur. To
reabsorb the large and variable amount of NaC1 which
enters the ascending limb, the active extrusion of NaC1
by this segment must not be Tm-limited, or must exhibit
a high Tm-value. This has been clearly demonstrated by
several authors [11, 24—26]. Urea concentration measure-
ments at the tip of the papilla of Psammomys also demon-
strated a net addition of urea along the descending limb,
the F/Purea/(F/P)in ratios averaging 1.3 in this species. As
described in the rat by Lassiter, Gottschalk and Mylle [271,
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Fig. 5. Fractional sodium flow rate [(F/P)Na/(F/F)Jfl] plotted
against (F/F) osmotic pressure from the loop micropuncture
samples collected at the tip of the Psammomys papilla. The cur-
vilinear line is the line relating [(F/P)Na/(F/P)In] to (F/P)osm
calculated when 85% of the increase in osmotic pressure along
the descending limb resulted from solute addition. The horizontal
line (0%) and the oblique line (100%) indicate the variation of
both variables at the tip of loop if the osmotic pressure of the
fluid flowing along the descending limb was exclusively increased
by net water withdrawal (the flow rate of sodium obviously
remains unchanged) or solute addition (the flow rate of sodium
increases linearly with the osmotic pressure). We assumed that
the fractional sodium flow rate averaged 0.21 at the end of the
proximal tubule of juxtamedullary nephrons in the Psammomys
(see text). Samples were collected either in ascending () or
descending limb (0) (from de Rouffignac and Morel [13]).
a medullary recycling of urea between the collecting ducts
and the lumen of Henle's loops would contribute to the
maintenance of elevated osmotic pressure in the papilla.
Observations by Jamison in the rat were felt by this author
to be in agreement with the view that net solute addition
contributes to the increase of osmotic pressure by the fluid
flowing along the thin limb. His results suggested that
sodium is added to the descending segment [28] and that a
countercurrent multiplier system in the loop of Henle
exists for potassium [22], since the (F/P)K/(F/P)l, ratio
averaged 1.36 at the tip of the longest loops.
Conclusions. In conclusion, despite certain conflicting
results, it seems most likely that it is largely solute addition
that participates in the concentration of the fluid flowing
along the descending limb. However, it remains possible
that a concomittant withdrawal of water could also take
place along this structure. Experimental data have indicated
that any such volume efflux is low, but it has only been
quantified on the basis of indirect evidence and therefore
its relative contribution cannot be stated with exactitude.
Christian de Rouffignac
C. F. N. Saclay, France
Reprint requests to Dr. C. de Rouffignac, L.P.P.C., Départe-
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